.7 I 7 .- 5
' L. 78032 ¥ - -
LA-UR-78-931 CowN

TITLE: DAMAGE RESISTANCE OF COATED OPTICS FOR PULSED co2 LASERS

AUTHOR(S): Brian E. Newnam MASTER

~

SUBMITTED TO: Proceedings of Optical Coatings-
Applications § Utilization II
(S.P.1I.E.)

March 1978

NOTICR
The rport was prepirad M mn sccount of work
sponsored by the Unived Stas Gowmment. Neither the
United Saates nor the United Staes Deparimant of
Energy, nov sny of twit employen, nos any of thelr

or thelr empl makss
w1y wmnnty, expes of implied, o1 ssumes any gal
Iiabilyty or responsibility for the Y., compk
o of sny product of

process disclomd, or wpiswno Ihl'l'lll um would nol
infrings privately owned righw.

By acceptance of thls article for publication, the
publisher recognlzvs the Government's (license) rights
in any copyright and the Government and its authorized
/ representatives have unrestricted right to reproduce in

whole or !n part sald article under any copyright
( secured by the publisher.

publisher ldentify this article as work performed under

The Los Alamos Scientific Laboratory requests that the
) the gusplces of the USERDA.

loss/\alamos
sclientitfic laboratory

of the University of California
LOS ALAMOS, NEW MEXICO 87548

.An Alfirmative Action/Equal Oppertunity Employer

Form No, Rl . _Ul‘:"'l'l-'.l) S'I‘ATF‘.\‘
A No. gm0 \ 'l:.Nh“(l\‘ “!".SF.AR('" AND
i DEVELOPMENT ADMINISTRATION

CONTRACT W.5400-ENG. W b

OYSTRIBUTION OF THIS DACUMENT 'S UNLIMITED



About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


-
DAMAGE RESISTANCLE OF COATED OPTICS FOR PULSED, CO2 LASERS .

Brian E. Ncwnam

University of California
Los Alamos Scicntific Laboratory
P.O. Box 1066063
Los Alamos, New Mcxico 87545

Abstract

The influence of various factors on the damage threshold of coated optical componcents
used in high-power, pulsed CO> lasers is reviewed. The factors considered are substrate
roughness and polishing defccts, coating defccts, lincar absorption, deposition paramcters,
standing-wave clectric fields, pulscwidth dcpendence, multiple-shot conditioning, and
optical performance. Experimental rcsults of many rescarchers are used to illustrate the
discussions. : .

Introduction

The damage thresholds of coated optical components are frequently the major design and
operating constraints on pulsed, high-power CO; lasers. There are a variety of CO; laser
componcnts which employ thin-film coatings and thesc include: total reflectors, partial
reflectors, gratings, windows, saturable absorbers, Faraday isolator rods, modulator and
Q-switch crystals, polarizers, waveplates, and lens. Of these, all but the first thrce
require anti-reflection (AR) coatings. Thus, in the following discussions, aspects of
lascr damage which impact AR coatings in particular will be emphasized., The topics to be
considercd generally apply to coated optics for all laser wavelengths, but the expecrimental
data for CO: lascrs will be used to illustrate our present knowledge of this subject.
Furthermore, a slight emphasis will be placed on data for pulsewidths of 100 ns or less for
which pcak intensity considerations are important, The following topics will be reviewed:
1) substrate roughness and polishing defects, 2) coating defects, 3) linear absorption, 4)
deposition parameters, 5) standing-wave. (SW) electric fieclds, 6) pulsewidth depcndence, 7)
nultiple-shot conditioning, and 8) optical performance.

Substrate Roughness and Polishing Defects

A primary cause of carly fallure of coated interfaces through which intense pulscs are
transmitted is the substrate finish, It is commonly known that the damage threshold of
the bare surface of a {T?er component 1s generally much lower than that of the bulk in-
terjor. N. Bloembergen has corrcctly identified the rcason for this difference to be
duc to the polishing process which produces a microscopically rough surface with randomly
distributed cracks and grooves, and which lcaves embedded residual amounts of polishing
compound. Representative gecomctries of such defects are illustrated in Figure 1. The
Internction of the incident laser electric field with the imperfect surface results in
enhancement of the field at these defcct sites. The magnitudes of the enhancement at the
sites A, B, and C are given by the equations in Table 1; valucs for CO2 laser substrate
materials are listed in Table 2.

Table 1. Clectric-Field Enhancement(l)
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Table 2. Plectric-Ficld Enhancement Factors for CO2 Laser Substrates

Matcrial ’ _ Sphere Cylinder Crack

NaC? 1,23 1.38 , 2.25

n-l.s .

ZnSc 1.38 1.70 5.76

n=2.4

cdTe | 1.40 . 1.76 7.24 ,

n=2.69 :

Ge ' 1.45 1.88 16

n=4.0 | |
« - i

It is obvious that incipient-crack defects causc the grecatest enhancement, dramatically
so for high-index materials. Since it is the interaction of the elcctric ficld which
causes the damage to the surfacc via absorption or clectron avalanche, the defcct sites are
susceptible to carly damage, In terms of the incident lascer intensity, the damage thres-
hold is reduced by the square of the enhancement factor. Thus, for a crack in a Ge sur-
face, the threshold would be degraded by a factor of 256.

The implications for coated surfaces arec just as scrious. From microscopic examination,
it is known that most coatings faithfully replicate the contour of the substrate. So, the
coating will e¢xpericnce enhanced clectric fields also. Either the coating will itself
dumage at a lower intensity or thc substrate will be damaged with resultant coating delam-
ination. Experimental evidence relating the breakdown ficld ?E)a coated surface to the
substrate roughness has been obtained by louse and coworkers, In Figure 2 a plot of the
field versus substrate roughness for half-wave SiO; films on fused silica substratecs
produccd the reclation E-~0 ', where m is 0.42, Although the experiments were conducted with
8 1.06 um lascr on SiO;, the same relationship is applicable to other wavelengths and
materials with appropriate values of the exponent m.

Recently, the effect of threc differcnt polishing techniques on the damage threshold of
AR-coated Ge was measured at 10.6 um at Los Alamos Sclentific Laboratory. The AR coatings
were deposited in the same run. The results were that two of the windows with visibly
obvinus polishing scratches failed at 70% of the threshold of the third window which
exhibited no visible polishing marks.

Therc are at least two ways to decrcase the roughness of substrates used for infrared
windows. One is to etch away the rough surface layer by usc of an acid treatment or by usc
of ion beams. The lattfg)treatment has been found to raisc the damage re¢sistance of Ge
surfaces significantly. A sccond mecthod is to deposit an initial or "barrier" layer
which does not faithfully replicate the substrate profile but prescnts a smoother surface
for the next coatayg layer. Such an effect was produced by depositing a layer of CelF3 on
a IZnS substrate. Also, an amorphous coating of As;S; is surmised to do likewise. A
half-wave layer of this material dep?gjtcd on a KCl1 window dramatically increased the
damage thrcshold by a factor of two.

Coating Defects

Early failure of coatings with low absorption coefficients has becn attributed to
coating defccts. Thesc defects can take the form of absorbing inclusions, voids, and
pinh?iss ranging from submicron diameters to visually discernible dimensions. Gibbs oand
Wood have mcasured the damage thresholds of areas frec from visible defects and those
containing defects on the same sample. Their results, listed in Table 3, indicate that
visible defeccts can reduce the damage threshold by a factor of two to threc for AR coatings
and partial rcflectors and by a much larger factor for total reflectors.

One of th: indicators of the presence of coating defccts is the experimentally measurcd
dependence of the threshold on the aveca of irradiation. 1[It is rcasonable to ecxpect that
large diamcter beams, on the average, will damage materials morc casily than small diameter
beams, 7This follows from L) the grcater probablility of striking a randomly distributed
defeet when a larger arva is irradiated and 2) the fact that matecrials with defects damage
morc casily than thosc without defects, Tigure 3 prescn‘a)thc spot-sizc dependence of
multilayer diclecctric (ThlFu/ZnS)-enhanced Mo relfcecctors, With duc caution, such a plot
can bs usced to obtain a rough cstimate of the number of defects per unit area which are
suaceptible to damage. :



Table 3. Effcct of Coating Defects on bamage Threshold'™’ .

-
' Damage Threshold (MW/cm™)

Description befect Clecar Arca
Single-layer AR

ZnS on Si 40 120

Zn on Gege 140 280

ZnS on Ge 280 400

ThF4 on ZnSe 300 >600

R=85%

ZnS7'l‘hF4 on Ge 500 1000

R< 100%

ThF4/ZnS on Si0 80 380
on Si . <20 120

Laser irradiation: TEA CO,, 60 ns (FWHM) initial pulse
- plus 700 ns tail, 0.070 mm spot-size radius.

For vanishing spot-size the threshold represents the intrinsic limit of a defect-free
coating. For larger spot-sizes, the defect-lIimited threshold is measured and this, or
course, is the practical value which applics for use in a laser system. When comparing
damage thresholds measured by different investigators, it is important to verify that the
spot-size radii are either the samc or conservatively large, e.g., greater than 0.25
m. .

Linear Absorption

It is appropriate for the coating manufacturer to minimize the magnitude of lincar
absorption in a coating. Absorption decrcases thc main function of the coating, to tran-
smit or reflect, and causcs thermal loading. If a large cnough tempcrature excursicn
Tesults, wavefront distortion or film delamination or rupture can result. llowever, for
laser pulses shorter than 100 to 200 ns, it appcars that lincar absorption of a coating is
not of primary importanée in determining its d-amage resistance.

In Table 4, the damage thresholds of scveral QW low-index and HW high-index coatings can
be compared with their absorption coefficients. For the 60-ns pulse irradiation, the
thresholds are not inversely proportional to absorption as might be expected, but the
opposite is apparent. Further, as shown in Table 5, the thresholds for 1.15 ns laser
pulsces incident on identical AR coatings of ThF./ZnS on GE (four differert substratecs with
identical surface polish) are not strongly corrclated with substratc absorption. A likely
explanation is that either heating of tiny coating defects or e¢lectron avalanche is the
limiting process for short laser gulscs. The high electric fields prescnt in short pulscs
can produce thc approximatcly 10'®/cm?’ free clectrons required for the avalanche process
prior to significant linear absorption within the film or substrate.

Table 4, Short-Pulse Damage Thres?g}d Versus Film
. Absorption at 10,6 um

Coating/window Taen? teettleione  TIHastY
(em )
STF,/KCA 1.36 25 194
BaF,/NaC2 1.38 15 76
ThE,/KCA 1.35 10-12
NaF/NaCL 1.23 6.0 38
" As,S./NaCL 2.37 ' 1.2 , 38
As,Sey/NaCk 2.72 1.1 12

Lascr irradiation: Singlc-mode COZ' 60 ns (FWHM) pulse, 0.10 mm spot-
size radius, , ‘ )



Table 5. Short-lulse Damage Threshold of AR-Coated Ge Versus Substrate Absorpgjo"(ﬂ)

Coating: s/ThF4/ZnS/5ir

Germanium Absorption Encrgy Dsnslty
Substrate lndg{ J/cm
(ecm )
Singlc Crystal (undoped) 0.005 0.47
Single Crystal(Ga-doped) 0.6 0.47
Polycrystal (undoped) 0.005 0.48
Polycrystal (Ga-doped) 0.6 ) 0.41
Laser irradiation: COZ-P(ZO), 1.15 ns pulse (FWHM), 1.1 ' . spot-

size radius.

For long-pulsc irradiation, coating damage does appear to be directly proportional to
absorption. This is confirmed by the data in Table 6 for a variety of coatings subjected
to a 200+ ns CO, lasecr pulse. Apparently. damage by film hcating precceded the formation
of an clcctron avalanche. :

Table 6. Long-Pufse Damage Threshold versus Film Absorption at 10.6 um

a. QW Films on KCE(Q)

Coating Absorption Damage Thicshold
: - of coating J/cm
ThE, 10 cn”! - 8o
As,S, <1 cen?t 120
ZnSec. < 0.6 e’} 140

b. QW ThF, on cu(10)

ThF, .. 8.6% total 1.0
ThF, 2.7 2.5

 c. AR coats on KCl(s)

ASZSSIThF4 0.80% ’ 6-10
SslThF4 0.19% 31

Lascr irradiation: TEA C02. 200 ns (FWHM) primary pulse
with 3 us tail with multilongitudinal mode beating; spot-
size radius of a) 35 um, b) lmm and c) 200 um

In summary, it is belleved that in the abscnce of homogeneous film absorption or
localized absorption by dcfects in a coating the electron avalanche process would be the
damage mechanism. When significant linear absorption occurs, however, deposition of
sufficient enerpy density over long pulsc periods to cause coating damage will occur
before thoe onset of an avalanche.

Coéting Deposition Paramcters

As coating manufacturers know, the comblnation of deposition paramcters must be opti-
mized to obtain films with minimum lincar absorption., These parameters include substrate
cleaning, starting-material chemical state and purity, evaporation method, substratec temp-
erature, residual gases in the vacuum chamber, and evaporation rate. As an example, a fow
yoars ago rescarchers at llughes Rescarch Laboratorics determined the optimum coating
paramcters for the widely-used low-index mator:nl Th¥,. The typical attainablec absorption
cocfficients had ranged from 10 to 20 cm ,(Byt Wnng and coworkers reported finding co-
nditions that obtained a valuc ncar 1 cm’ This was accomplished by minimizing the
residual water in the vacuum chamber. Long pumpdowns at 10~ 7 Torr and a substrate temp-
eraturc of 150°C were required. Additionally, thc starting material was a crystal chunk
frece of major impurities. This matcrial was cvaporated by a resistance-heated tantalum
box sourcc at u deposition rate of 630 nm/min.



Standinpg-wave llectric Ficlds .

Standing-wave cleetric ficlds arc the basis of the operation of the operation of thin
film coatings, and the distribution and magnitude of the maxima and minima within a coating
becar is rclated to the normalized electric field by

et 2
py = neferel] e (1)
where = is the absorption coefficient and Po is the incident power density. In the casc
of clcctron avalanche, the growth of the number density with time is given by
N(t) = “of exp [=(E)] dt, (2)

where « is the gain coefficient. Since both damage mechanisms are functions of the eletric
field, coating designs with reduced ficld maxima in weak or absorbing layers are advanta-
geous. Knowledge of the ficld distribution also enables one to predict the relative thres-
hold of a coatced surface.

An(gfamplc is the recent experimertal evaluation of AR coatings on Ge by Newnam and
Gill. Their results, summarized in Table_ 7, indicated that the damage resiscance of 14
cocating designs using cight different film materials were effectively the same, 0.49 + 0.03
J/cm', and were lower than uncoated Ge. Furthermorc, damage occurred only at the front
surface. The results were explained by considering the electric-ficlds in the Ge, coated
and uncoated as shown in Figure 4, Although the exact field distributions within the
various coat.ng designs diffcred quantitatively, the gradual decrease from 1.0 at the air-
film interface to 0.25 at the film-Ge interface was the same for all designs. The ratio
of the ficids-squared in uncoated-to-coated Ge was therefore 0.64. Since the ratio of the
measured thresholds was 0.7 + 0.1, which is consistcent with the field ratio, it was con-
cluded that the damage occurred in the Ge at the Ge/film interface.

Table 7. Damage Thresholds of AR-Coated and Uncoated, P-Doped, Polycrystalline Gc(s)

(Front Surface only)
Energy DEnsity

(J/cm”)
AR-coated Ge 0.49 + 0.03
* (average of 14 de-igns)
Bare Ge 0.64 + 0.05
p-doped

Laser irradiation: CO, P(20), 1.12 ns pulse
(FWIIM), ?.1 mm spot-siZzc radius,

Consideration of the SW field distributions in various AR coating designs for substrates
with wide bandgaps, e.g. KCZ, suggests a threce-laver design. 1In this design, the low-index
film is dcpusited us the middle layer where the field is at a minimum. This minimizes the
lincar absorption in this layer which, for long pulsewidths, is m?5? susceptible to therm-
ally-induced damage than the high-index components. Baer, et al. produccd such a
coating of AS2S3/ThF,/As25y which had half the atsorption of a two-layer AR coating using
thesc sumc materials.

Pulscwidth Dependence

The damage threshold of optical materials, in terms of Joules/em? incrcases with in-
crecasing laser pulscwidth for scveral rcasons. With Incrcasing pulsewidths, nonlinecar
absorption Is recduced duc to lower power densitics, and heat and clectrons have more time
to diffusc away from the irradiated surface. The experimentally confirmed relationship
for tho damage threshold of metals and motal films of sufficient thickness is

€ - ke, (/endy, ()

where K is a constant comprising the thermal properties and absorptipn of the metal. For
Cuw, for ffi?plc’ the, theoretical value of K is 4.4 x 10% J/em? - sce? for a wavelength of
10,6 um. This t?! power dependence has also been mcasurced for AR-coated and uncoated
GE surfacces at the €Oz wavelength for pulscwidths from 1 to 70 ns as scen in Figurce 5.
This similar dependence to that of a metal is believed to result from the laser-inducyd
gencratlon of frec clectrons at caslly lonized defeoct sites at the Ge surface, The t'
power dependence has also been measurcd for optical brecakdown in the bulk of NaCl for



Pulscewidths from 15 ps to 10 ns as shown in Pigure 65(12'|3'14) Although the mecasurcment s
worce conducted with a 1.06 um laser, the obscrved pulscdwidth dependence is also applicable
to the CO; lascer wavelength, sincce the damage thresholds of alkali h?lgic crystals for a
given pulsewidth have been mea:ured to be cqual from 0.7 to 10.6 um.

The tk dependence of the energy-density threshold is duc to the cxisting (in metals) and
laser-gencerated (in diclectrics) free-clecectron plasma which absorbs the remaining pulsc
encrgy which is transferred to and damages the immediate solid. For absorption of pulsecd
encrpgy at absorbing drfcct sites or in homogencously absorbjng coatings, it is expeccted
that the damage thrceshold would incrcasc more slowly than t? duc mainly to thermal diffu-
sion. In part&iular, the thresholds for a multilaycer-cnhanced Mo reflector measurcd by
Wang, ct al., at long pulsclengths show no dcpendence on pulsewidth (scc Table 8).

For even longer pulsewidths, e.g. 100 pus, it is expected that the damage threshold
would increase slowly depending on the rate of thermal diffusion.

Table 8. Single - and Multiple-shot Damage Threshold of an Enhanced
. Mo Reflector for Four Long COélPulseforms (¢)

Reflcctor: Ho/As/(ThF4/ZnSe)4

Absorption: 0.30%
Spot-size radius = 70 um

Damage Threshold (J/cmz)

0.6 us 1 us 4 us .6 us
Mode locked Single- Mode-locked Single-
long.mode long.mode
Single-shot 15-75 . <70 70-110 50-90
Threshold _ o
Muitiple-shot 50-290 110-460 110-200 70-290
Threshold '

‘Multiple-Shot Conditioning

Several investigators have reported that sites in a sample which have been pre-irra-
diatcd by low laser intcnsities have higher damage thresholds than unconditionecd sites. At
surfaces and coatings, it has becen speculated that some sort of cleaning or outgassing of
contaminants occurs in the conditioning process. Such an increase, by a factor of two or
moro, is seen in tho multiple-shot thresholds presented in Table 8. At a shorter pulse-
width of 1.2 ns, the author has obscrved a similar but smaller (20 to 50%) increasc in the
damage threshold of AR-coated and uncoated NaCl. However, no con?ésioning cffect, positive
or negative, was obscerved in multiple-shot tests on AR-coatcd Ge. In this case, the
damagec-pronc surface was bencuth the coating at thc substrate interface. Additional
rosoarch is necded to clarify this issue.

Optical Performance

Ono quecstion often asked by laser users is how far below the single-shot damage thres-
hold a componcnt can be irradiatcd urd survive for a speclfiif(?umbcr of shots without
significant degradation of its performance. Gill and Newnam' ' have performcd such
performance cxperiments on AR-coated ZnSc and NaCl windows using 1.2 ns CO2 lascr pulses,
Since focusable cncrgy on a target is of primary importauce to lascr fusion systems, the
rolative amount of cncrpgy focusable through a small aperturc after transmisslon through the
test window was the quantity measured., Flgures 7 and 8 arc plots of the focusability as a
function of shot number for scveral irradiation levels above and below the single-shot
thresholds (SST) .2 and 4.3 J/cm?, respectively, for the twe windows. lor hoth windows,
irradlation levels of 50 vo 60% SST produccd no degradation after 90 shots. At greater



irradiation levels, the focusability was scen to decline. The gradual decline for the ZnSe
window in contrast .to the abrupt fall off for the NuCR window i due to its [incer-grained
polycrystalline structurc. Finally, the effcctive lifetime for B0% focusability as a
functlion of irradiation flucnce is presented in Figure 9. Such information is very
important for the lascr system designer.

Summary

We have reviewed cight factors which influcnce the damage resistance of coated optics
for pulsed CO; lascrs. Other aspects such as film stress and coating-to-substratce adhesion
have not becen considerecd here and neced similar attention in a thorough review. From the
cvidencc prescnted, it is especially intercsting how the relative importance of lincar
absorption and avalanche brecakdown changes with pulsclength. The former is dominant for
pulscwidths longer than -200 ns, the latter for shortcr times, In cach of these time
repimes, coating and substrate defects limit the attainable thresholds considerably below
the intrinsic limits. With systematic, concerted cffort, practic~l! methods to decrcase the
defcct limitations are certain to be dcveloped.
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Representative geometrices for clectric-ficeld enhancement ncear pores, scratches
and incipicent cracks, Typiculliimcnsions arcr = 0.1 ym, ¢ = 0,1 um and
a = ) ym (aftcr Bloembergen).,

Electric ficld I (~VE) thrcshold versus roughness of the fuscd silica substrate
for half-wave Si0,-overcoated samples. Laser irrndiati?nj 1.06 um, 40 ns pulsec
(FWHM), 0,15 mm spot-size radius (after House, ot al.).'"

Singlc-shot damapge thresholds as a function of spot sizc for seven 6- and 8-layer
ThF ,/ZnSc¢ enhanced Mo reflectors. Laser irradintioni6)TEA COZ' smooth 6 us,
sinﬂlc-longitudinul-modc pulsc (after Wang, et al.).

Standing-wave clecctric ficlds for AR-coated and u-coated Gc substrates.

Damage threshold versus CO, laser pulscwidth for AR-coated and uncoated Ge. Spot
size = 1.1 mm, (after Newndm and Gill)

Threshold field versus pulse duration for NaCl (bulk). (yiisuremcnts wcre made at
1.06 um with a spot-size radius of 9 um (after Bettis).

Focusability versus number of CO, laser pulses transmitted through an AR-coated
ZnSe window. LasiIG?ulselcngth Is 1.2 ns and spot-size radius is 1.1 mm (after
Gill and Newnam).

Focusability versus number of CO
NaCl window. Lasctlgylsclcngth
(Gil) and Newnam).

laser pulses transmitted through an AR-coated

?s 1.2 ns and spot-size radius is 1.1 mm (after
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